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EDITORIAL REVIEW
Renal energy metabolism and regulation of sodium
reabsorption
A relationship between glomerular filtration rate
(GFR) and tubular reabsorption during acute
changes in GFR has been recognized since adequate
methods for estimation of GFR became available [1].
Early micropuncture studies [2] have shown that the
relationship between GFR and reabsorption rate al-
ready applied in the first part of the proximal tubules.
It is now well established that not only the water
permeable proximal tubules but also the virtually
water impermeable thick ascending limb of Henle's
loop (the diluting segment) participate in the regu-
lation of sodium and water reabsorption so that not
more than 10 to 15% of the filtered load is delivered
to the distal convoluted tubules in the cortex.
A simple hypothesis is that changes in composition
of the tubular fluid, during variations in GFR, alter
sodium reabsorption. In this review, evidence, mainly
from experiments on dogs, is presented to show that
bicarbonate concentration of the tubular fluid regu-
lates sodium reabsorption in the proximal tubules
during reduction in GFR (glomerulotubular bal-
ance). In the diluting segment, sodium reabsorption
seems to depend on tubular sodium concentration.
Renal energy metabolism
To distinguish between regulatory mechanisms, it
is important to know if changes in sodium reabsorp-
tion are associated with changes in renal energy re-
quirement; i.e., whether sodium reabsorption is ac-
tive or passive. Glomerulotubular balance in the
proximal tubules might be achieved by variations in
sodium transport, either through the cells or through
the tight junction between the cells. Changes in trans-
cellular sodium reabsorption imply changes in trans-
port against a steep electrochemical gradient over the
peritubular cell membrane, and would be associated
with variations in energy requirement. On the other
hand, variations in paracellular transport, secondary
to changes in osmotic forces over the tight junction or
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diffusion gradients along the paracellular space,
might be passive.
In the virtually water impermeable diluting seg-
ment, osmotic flow is precluded, partly because the
tight junction (zonula occludens) is ten times deeper
than in the proximal tubules [3]. The diffusion
gradient for sodium and chloride pumped into the
paracellular space is directed towards the tubular
lumen. A rise in sodium reabsorption in the dilut-
ing segment, therefore, is likely to reflect a rise in
active transport. Actually, early studies have sug-
gested that sodium reabsorption in the proximal tu-
bules and in the diluting segment had different energy
requirements. Mannitol infusion inhibits proximal
sodium reabsorption, but renal oxygen consumption
is unchanged [4]. In contrast, saline infusion, which
inhibits proximal but stimulates distal reabsorption
[5, 6] , increases renal oxygen consumption [4].
To estimate cortical and outer medullary metabolic
rates separately, the heat production technique was
introduced [7, 8]. It has long been recognized that the
renal energy expenditure is almost quantitatively con-
verted into heat. During complete occlusion of the
renal pedicle, no heat leaves the kidney by its main
route, the renal vein, and heat accordingly accumu-
lates at its site of production. The local temperature is
measured continuously by thermocouples inserted in
the cortex and outer medulla. After vascular occlu-
sion the temperature increases and the initial slope of
the temperature curve is indicative of the local rate of
metabolic activity before occlusion. In practice, the
renal artery, rather than the renal pedicle, is clamped
in experiments on dogs because the results of these
two procedures were similar [7].
High correlation between renal oxygen consump-
tion and metabolic rates has been found when the
metabolic rates of cortex and outer medulla are
equally stimulated by infusion of dinitrophenol or
dopamine [9]. Using this technique, it has been
shown that two major sodium transport systems with
different energy requirements exist in the tubules.
Regulation of sodium reabsorption by these two
transport systems can be blocked by different enzyme
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inhibitors. In the whole kidney, changes in proximal
reabsorption can be studied only after inhibiting dis-
tal sodium reabsorption. It, therefore, is convenient
to discuss first the regulation of sodium reabsorption
in the diluting segment.
Na-K-ATPase-dependent sodium reabsorption
Ouabain is an inhibitor of sodium-potassium-
adenosine triphosphatase (Na-K-ATPase) and re-
duces cellular energy metabolism by reducing ATP
hydrolysis. In the ascending limb of Henle's loop, the
enzyme concentration is five to eight times higher
than in the proximal tubules; its localization seems to
be mainly in the peritubular cell membrane [10]. Na-
K-ATPase has the same enzymatic properties
whether obtained from the outer medulla or from
several other tissues including erythrocyte and nerve
membranes, on which most studies of Na-K-ATPases
have been carried out [11, 12]. Through these mem-
branes three sodium ions are transported out of and
two potassium ions into the cell for each ATP hydro-
lyzed; in the thick ascending limb, there may be a co-
transport of chloride with sodium [13]. Hydrolysis of
AlP is stimulated by raising extracellular potassium
concentration to 3 to 4 mmoles/liter and intracellular
sodium concentration to 50 to 60 mmoles/liter. The
enzyme contains no ATPase that cannot be inhibited
by ouabain. On the other hand, studies on renal
tissue indicate that ouabain binds only to Na-K-
ATPase [13].
Ouabain reduces free water clearance by inhibiting
sodium transport in the ascending limb of Henle's
loop [14]. The natriuretic effect is low, if not certain
precautions are taken during administration into
the renal artery. However, if the initial vasocon-
strictory effect of ouabain is prevented by injecting a
vasodilating agent, such as acetylcholine, the natri-
uretic effects, at identical GFR, are almost the same
for ouabain and potent diuretics such as ethacrynic
acid. Actually, after ouabain administration, it was
not possible to inhibit sodium reabsorption and re-
duce metabolic rate any more by infusing ethacrynic
acid [15]; conversely, ouabain had no additional ef-
fect during administration of ethacrynic acid [16].
These observations suggest that ouabain and ethacry-
nic acid block the same sodium transport system,
although ethacrynic acid does not necessarily act on
Na-K-ATPases.
Ouabain reduces outer medullary metabolic rate
by almost 70%, whereas cortical metabolic rate is
reduced by 20 to 30% [15, 16]. In a recent study on
anesthetized dogs, during mannitol diuresis, ouabain
reduced Na-K-ATPase activity in the kidney by 75%,
sodium reabsorption by 40%, and renal oxygen con-
sumption by 45% [17]. This inhibitory effect may
encompass most, if not all, sodium reabsorption in
the distal nephron and possibly some of the proximal
sodium reabsorption. The ratio between Na-K-
ATPase-dependent sodium reabsorption and oxygen
èonsumption averaged 14.5 1.3 [171, which is ap-
proximately half of the Na/02 ratio for the whole
kidney [18]. Assuming a production of 6 moles of
ATP per mole of oxygen consumed, the Na/AlP
ratio would be 2.4, which agrees well with observa-
tions on giant axons and erythrocytes [12].
Regulation of sodium pumping by Na-K-A TPases.
By infusing isotonic or hypertonic sodium chloride at
high rates, the metabolic rate increases steeply in the
outer medulla and to a less extent in the cortex.
During reduction in GFR, induced by constricting
the renal artery or the ureter, metabolic rates in outer
medulla and the cortex are reduced [19]. These
changes in metabolic rate are smaller or absent after
infusion of ethacrynic acid or ouabain. The simplest
interpretation is that a rise in sodium delivery from
the proximal tubules stimulates the Na-K-ATPase
activity in the diluting segment, whereas reduced de-
livery of sodium inhibits Na-K-ATPase activity.
The Na-K-ATPase activity equals the product of
the number of functioning enzyme sites in the mem-
brane (enzyme concentration) and the rate of ATP
hydrolysis (turnover rate) per site, During reduction
in GFR, there is no change in enzyme concentration
[20]. The reduction in energy requirement when GFR
is reduced signifies, therefore, a reduction in turnover
rate. According to in vitro studies and studies on red
cell ghosts, the turnover rate increases from 0 to 9,000
per mm when intracellular sodium concentration is
raised from 0 to 60 mmoles/liter. Assuming that 2 to 3
sodium ions are transported per ATP hydrolyzed, the
turnover rate, in the intact kidney at control GFR, is
less than 3,000 per mm [13, 21]. Turnover rate, and
hence transport of sodium ions across the peritubular
membrane, may therefore be altered by changing in-
tracellular sodium concentration.
A possibility to be considered is that variations in
turnover rate are due to variations in extracellular
potassium concentration. But at normal extracellular
concentrations, the potassium stimulation of Na-K-
ATPase activity is optimal. Moreover, extracellular
potassium concentration is unlikely to change during
acute renal arterial or ureteral constriction.
The next question is why intracellular sodium con-
centration should vary with sodium delivery. Sodium
may diffuse passively from the tubular fluid into the
cell; a rise in luminal sodium concentration would be
accompanied by a rise in intracellular sodium con-
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centration. In the proximal tubules, sodium concen-
tration is constant over a wide range of GFR; any
Na-K-ATPase mediated transport in the proximal
tubules would be expected to proceed at unchanged
rate during variations in GFR. In contrast, because
the thick ascending limb of Henle's loop is virtually
impermeable to water, luminal sodium concentration
declines along this nephron segment during sodium
reabsorption. At any level of the segment, sodium
concentration in the tubular fluid and in the cell
would rise or fall as the delivery of isosmotic sodium
chloride is increased or reduced. Fluctuations in
sodium concentration are minimized, however, by
changes in Na-K-ATPase activity. The thick ascend-
ing limb seems to be unique in its design for regu-
lation of transcellular sodium reabsorption by changes
in Na-K-ATPase activity.
Mannitol infusion exerts no significant effect on
oxygen consumption [4] or metabolic rates [19], but a
reduction in GFR is associated with reduced oxygen
consumption also during mannitol diuresis (Fig. 1,
upper panel). From the relationships between filtered
and reabsorbed sodium, before and after ouabain ad-
ministration, the Na-K-ATPase-dependent sodium
reabsorption can be calculated. A reduction in delivery
to the diluting segment of lmole/min of sodium re-
sults in a reduction in sodium reabsorption of about
0.5tmole/min [17]. The reabsorptive efficiency of the
Na-K-ATPase-dependent system is accordingly
about 50%. Even when inhibition of Na-K-ATPases
by ouabain is incomplete (75%), the regulatory effi-
ciency drops towards zero (Fig. 1). The reason may
be that the remaining functioning Na-K-ATPases are
exposed to high sodium concentration even at low
tubular flow rate.
This simple hypothesis for regulation of sodium
reabsorption (and generation of free water) was pro-
posed in 1971 [22]. Although advocated on various
occasions [16, 23], it has received little attention. To
my knowledge no other hypothesis for regulation of
sodium reabsorption in the thick ascending limb has
been proposed.
In experiments on isolated segments of the thick
ascending limb from rabbit kidneys, Burg [24] and
coworkers provided evidence compatible with the
existence of a chloride pump. There is no evidence
that chloride ions influence the Na-K-ATPase activ-
ity, but a chloride pump in the luminal membrane
might exert an auxillary function by raising in-
tracellular sodium chloride concentration. Alterna-
tive interpretation of their data should, however, be
considered. When the composition of bath and per-
fusate were equal, a transcellular voltage of about 6
mV, oriented positive to the lumen, was found. It
could be raised to 25 mY by reducing the sodium
chloride concentration in the perfusate from 150 to
60 mmoles/liter. In some experiments the voltage was
raised by replacing sodium chloride with choline
chloride in the perfusate. In both these experimental
conditions, the sodium diffusion potential from bath
to lumen would be raised, since the tubular wall was
found to be more permeable to sodium than to chlo-
ride ions. This explanation suggested by Burg [24]
might, however, also apply at equal bath and per-
fusate composition. Sodium chloride concentration
in the paracellular spaces is necessarily high in this
water-impermeable tubular segment. If the pathway
for back diffusion of sodium is through the water-
impermeable tight junction of this preparation, there
will be a concentration gradient for sodium into the
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tubular lumen even when bath fluid and perfusate
have similar composition. Sodium chloride concen-
tration of about 180 mmoles/liter in the paracellular
space would be consistent with the transtubular volt-
age of 6 mV. Since the hypertonicity of the inter-
cellular space is created by active sodium pumping,
the voltage would be expected to disappear if sodium
reabsorption is stopped. Actually, no voltage differ-
ence was observed after administration of ouabain or
ethacrynic acid [24].
In addition to regulation of sodium reabsorption
by variations in turnover rate, secondary to changes
in intracellular sodium concentration, the number of
enzyme sites may increase, as during extreme saline
loading [21]. Both nephrectomy [25] and administra-
tion of mineralocorticoids and glucocorticoids [26]
may increase the maximal in vitro Na-K-ATPase ac-
tivity, possibly because of an increase in enzyme con-
centration, but the number of ouabain binding sites
was not measured in these studies, By combining
glucocorticoid administration and renal artery con-
striction (which reduces the turnover rate of AlP
hydrolysis) the Na-K-ATPase activity is raised,
whereas sodium reabsorption is reduced [20]. The
demonstration of this dissociation is, of course, no
argument against regulation of tubular reabsorption
in the diluting segment by changes in intracellular
sodium concentration. An intriguing possibility is
that deficiency in sodium reabsorption and free water
generation in Addison's disease is due to reduced Na-
K-ATPase activity; in fact, several investigators [25,
27] have found that Na-K-ATPase activity is reduced
after adrenalectomy.
Carbonic anhydrase-dependent sodium reabsorption
After administration of ethacrynic acid or ouabain,
more than 50% of sodium reabsorption remains.
None of these diuretics inhibit tubular reabsorption
of bicarbonate. There is considerable evidence show-
ing that bicarbonate reabsorption in the proximal
tubules is secondary to secretion of hydrogen ions
[28]. After inhibition of carbonic anhydrase by aceta-
zolamide, fractional excretion of sodium bicarbonate
may rise to 50% of the filtered load, but acetazola-
mide exerts little or no effect on chloride excretion in
the intact kidney [29—31]. However, proximal inhibi-
tion of reabsorption of sodium chloride by acetazola-
mide has been found at least in some micropuncture
studies [29, 32], although not in others [33, 34]. We
wanted, therefore, to reexamine, in experiments on
the whole kidney of the dog, whether reabsorption of
sodium chloride is coupled to bicarbonate reabsorp-
tion.
A possible explanation for the absence of chloru-
resis in the intact kidney is that reabsorption of so-
dium chloride, although inhibited in the proximal
tubules, is raised in the distal nephron by activation
of the Na-K-ATPases. One might expect sodium
chloride excretion to increase after administration of
acetazolamide, if distal reabsorption was inhibited. It
did not because of reduced GFR [35]. After blockade
by ouabain or ethacrynic acid, however, autoregula-
tion is impaired [17, 36], and GFRcan be restored by
raising renal arterial perfusion pressure.
At control GFR, the full inhibitory effect of aceta-
zolamide is uncovered (Fig. 2), We found that aceta-
zolamide inhibited not only bicarbonate reabsorption
but also reabsorption of sodium chloride extensively
[35]. On average, acetazolamide inhibited reabsorp-
tion of more than three sodium ions and two chloride
ions for each bicarbonate ion. Comparison of clear-
ance data at identical GFR, before and after adminis-
tration of acetazolamide, showed that the reabsor-
bate, that can be blocked by acetazolamide, had a
bicarbonate concentration averaging 44 mmoles/liter;
mean luminal sodium concentration before aceta-
zolamide administration was 15 mmoles/liter [35].
When GFR was reduced in steps by constricting
the renal artery, the inhibitory effect of acetazolamide
on bicarbonate and sodium reabsorption declined
progressively and approached zero at GFR below
50% of control (Fig. 2). Thus, glomerulotubular bal-
ance for bicarbonate, sodium, and chloride in the
range of GFR between 50% and 100% deteriorates
after administration of acetazolamide. The low inhib-
itory effect of acetazolamide in some micropuncture
studies [33, 34] suggests that the experiments were
performed at low GFR.
The next question to solve was whether changes in
proximal sodium reabsorption were associated with
changes in energy requirement or not. Two lines of
evidence indicated that changes in sodium reabsorp-
tion were passive. First, in contrast to experiments on
the intact kidney [18, 19], reduction in GFR, after
ethacrynic acid or ouabain administration, reduced
tubular sodium reabsorption without significant re-
duction in cortical metabolic rate [8, 37] or renal oxy-
gen consumption [8, 17]. In Figure 1, upper left
panel, the stippled regression line, indicating glomer-
ulotubular balance, after ouabian administration, has
a slope of 0.45. Hence a change in filtered load of 100
tmo1es resulted in a change in ouabain insensitive
sodium reabsorption of 45mole. The efficiency of
glomerulotubular balance is higher in the absence of
mannitol [8, 37], but significant changes in energy
requirement have not been detected. In Figure 1,
upper right panel, the slope of the stippled regression
line, indicating change in oxygen consumption dur-
ing variations in GFR, is not different from zero.
Secondly, almost half of the sodium reabsorption
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remaining after ethacrynic acid administration could
be blocked by acetazolamide without significant
changes in renal oxygen consumption or metabolic
rates [35]. Hence, hydrogen ion secretion and other
energy-requiring processes presumably proceed at
unchanged rate. A main transcellular route for so-
dium can be excluded.
This suggests that changes in sodium reabsorption
are due to changes in back diffusion of hydrogen
ions. As GFR is lowered and the filtered load of
bicarbonate declines, luminal hydrogen ion concen-
tration increases only slightly in the proximal tubules
[38]. Hydrogen ions may leak back either through the
luminal cell membrane or through the tight junction
(models A and B, Fig. 3).
In both models the conventional scheme for bi-
carbonate reabsorption [28] is incorporated: filtered
bicarbonate and secreted hydrogen ions generate
carbon dioxide and water by means of carbonic
anhydrase in the brush border. Cellular generation of
hydrogen ions seems to proceed at constant rate
whether carbonic anhydrase in the brush border is
inhibited by acetazolamide or not. When bicarbonate
reabsorption is reduced because of a reduction in
GFR or acetazolamide administration, hydrogen ions
difluse into the cell (model A) or leave the tubular
lumen through the tight junction (model B).
Energy requirements of these two models are
slightly different. A sodium ion entering the tubular
cell in exchange for a hydrogen ion (model A) must
be pumped out of the cell into the paracellular space
by an energy-requiring pump. For each hydrogen ion
secreted an intracellular bicarbonate ion is generated.
Sodium is transported, therefore, from the cell into
the paracellular space as sodium bicarbonate.
According to model B, bicarbonate ions, generated
by hydrogen ion secretion, leave the cell along an
electrochemical gradient. If the tight junction is im-
permeable to bicarbonate ions, they do not diffuse
back into the tubular lumen. Electroneutrality is ob-
tained when a cation, diffusing through the tight
junction, joins with the bicarbonate ion in the para-
cellular space.
In both models, a high sodium bicarbonate con-
centration in the paracellular space would be the
driving force of a potent osmotic pump, if the tight
junction is much less permeable to bicarbonate than
to chloride ions. This assumption is supported by the
finding that the transtubular reflection coefficient (r)
is close to one [39, 40], indicating impermeability to
bicarbonate ions.
The effective osmotic concentration difference
across the tight junction is the sum of the products of
the concentration differences of the various solutes
and their reflection coefficients: LC1.o-1. The corn-
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MODEL B
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Fig. 3. Models for sodium reabsorption in the proximal tubules. In
both models, high sodium bicarbonate concentration in the pars-
cellular space is the osmotic driving force for passive reabsorption
of water and NaCI. This force is dissipated when hydrogen ions,
rather than sodium ions, diffuse into the cell (model A) or into the
paracellular space through the tight junction (model B)(see text).
centration in the tubular fluid is accordingly high and
inhibits the osmotic flow across the tight junction.
Using the equations for osmotic flow [41] (and dis-
regarding diffusional flow), the net effective osmotic
concentration difference can be estimated at 20 to 25
mmoles/liter. High tubular concentration of sodium
chloride accordingly inhibits rather than raises pas-
sive reabsorption.
It is widely believed that osmotic flow only takes
place between solutions of different osmolality. How-
ever, a solution in the paracellular space, containing
sodium chloride and sodium bicarbonate in concen-
trations of 100 and 50 mmoles/liter, respectively,
would transport water and sodium chloride from
isosmotic tubular fluid which contains 125 mnioles of
sodium chloride and 25 mmoles of sodium bicarbo-
nate per liter. The only necessary condition is that the
tight junction is less permeable to bicarbonate than to
chloride ions, as most cell membranes and epithelial
membranes are.
Hypotheses for transcellular epithelial isosmotic
fluid transport in the proximal tubules, based on
Curran's concepts [42], should therefore be reconsid-
ered. According to his hypothesis and later modifi-
cations [43—45], the paracellular space close to the
tight junction contains sodium salt actively trans-
ported out of the cell in higher concentration than in
the tubular fluid; it is assumed that the hyperosmotic
fluid becomes isosmotic before entering the inter-
stitium. This hypothesis accounts only for water
reabsorption and not for passive reabsorption of so-
dium chloride. Actually, sodium chloride would leak
back. In one modification it is therefore assumed that
the tight junction is impermeable both to solutes and
water [45].
The most important feature of model A and B is
that they explain how sodium reabsorption varies
with luminal bicarbonate concentration with little or
no change in energy requirement. The force for os-
motic flow, a high paracellular bicarbonate concen-
tration, is dissipated when bicarbonate reabsorption
is low and back diffusion of hydrogen ions increases.
It is immaterial whether hydrogen ions diffuse back
through the cell membrane (model A) or through the
tight junction (model B).
According to model B, changes in sodium reab-
sorption are completely passive in the sense that
changes in reabsorption are not associated with
changes in energy requirement. According to model
A, one of three sodium ions is transported actively.
Although significant changes in energy requirement
have not been detected during variations in GFR
after ethacrynic acid or ouabain administration, the
data do not permit a decision between models A and
B.
Other mechanisms. As shown in Figure 2, the
glomerulotubular balance for sodium is still intact
during variations in GFR between zero and 50% of
control GFR. The contribution of the remaining
bicarbonate reabsorption and reabsorption of other
filtered solutes after acetazolamide administration re-
mains to be investigated.
Na-K-ATPases may participate in the transcellular
transport of sodium (model A) or maintain mem-
brane potentials as in other cells (model B). Ouabain
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+
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may, therefore, ultimately inhibit all sodium trans-
port, but the proximal sodium transport system
seems to be less sensitive to ouabain than the distal
one.
It also remains to be shown how variations in
hydrostatic pressure over the basement membrane
(Fig. 3) modify osmotic transport. There is no doubt
that a reduction in oncotic pressure or a rise in hydro-
static pressure in the interstitial fluid inhibits prox-
imal reabsorption [46] and that autoregulation of the
afferent arterioles plays a crucial role in the regu-
lation of these peritubular pressures [47]. In the intact
kidney, saline diuresis and especially the exaggerated
natriuretic response to saline-loading at high blood
pressure seem to be due mainly to changes in pen-
tubular hydrostatic pressure [47, 48]. The natriuretic
effect of angiotensin also seems to be mediated by a
rise in peritubular pressure [49]. impaired autoregu-
lation, as during ethacrynic acid and furosemide
diuresis, implies a rise in hydrostatic and a reduction
in oncotic peritubular pressures; the high Na/02 ra-
tio for these diuretics suggests that the natriuretic
effect is partly due to passive inhibition of proximal
reabsorption [17].
A difference in effective osmotic concentration
across the tight junction of 25 mmoles/liter corre-
sponds to a difference in hydrostatic pressure of 475
mm Hg. One might therefore wonder how changes in
pressure of less than 10 mm Hg outside the basement
membrane might influence osmotic reabsorption, Os-
motic forces, induced by bicarbonate reabsorption,
do not, however, expand the paracellular space,
whereas a rise in hydrostatic or a reduction in oncotic
pressure outside the basement membrane does. It is,
therefore, conceivable that stretching of the tight
junction may alter its reflection coefficients to bi-
carbonate and chloride and thereby inhibit proximal
reabsorption.
During reduction in GFR, both hydrostatic and
oncotic pressures are likely to fall, and the net effect is
therefore difficult to foresee. If a regulation by hydro-
static and oncotic pressures were of great signifi-
cance, glomerulotubular balance should not be dis-
rupted by administration of acetazolarnide (Fig. 2).
Finally, it should be noted that glomerulotubular
balance, after ouabain or ethacrynic acid administra-
tion, does not apply at GFR exceeding control [8,
37]. However, the capacity of the Na-K-ATPase-de-
pendent transport system is not exhausted at control
GFR even during mannitol infusion [17]. One of the
implications of the osmotic pump hypothesis, for
regulation of proximal reabsorption, is that mannitol
would inhibit reabsorption of sodium chloride by
reducing the osmotic driving force, and not solely by
increasing back diffusion of sodium along a concen-
tration gradient, as previously postulated [4].
FREDRIK KIlL
Oslo, Norway
Reprint requests to Professor Eredrik Ku!, University of Oslo,
Institute for Experimental Medical Research, Ullevaal Hospital,
Oslo I, Norway.
References
1. REHIIERG PB: Studies on kidney function: II. The excretion of
urea and chloride analyzed according to a modified filtration-
reabsorption theory. Biochem J 20:461—482, 1926
2. WALKER AM, BOTT PA, OLIVER J, MACDOWELL MC: The
collection and analysis of fluid from single nephrons of the
mammalian kidney. Am J Physiol 134:580—595, 1941
3. FARQUI-IAR MG, PALADE GE: Junction complexes in various
epithelia. J Cell Biol 17:375—412, 1963
4. Kiu F, AUKLAND K, REFSUM HE: Renal sodium transport
and oxygen consumption. Ant J Physiol 201:511—516, 1961
5. RECTOR FC JR, VAN GIESEN G, KIlL F, SELDIN DW: Influence
of expansion of extracellular volume on tubular reabsorption
of sodium independent of changes in glomerular filtration rate
and aldosterone activity. J C/in Invest 43:341—348, 1964
6. DIRKS JH, CIRKSENA WJ, BERLINER RW: The effect of saline
infusion on sodium reabsorption by the proximal tubule of the
dog. J Clin Invest 44:1160—1170, 1965
7. AUKLAND K, JOHANNESEN J, KIIL F: In viva measurements of
local metabolic rate in the dog kidney: Effect of mersalyl,
chlorothiazide, ethacrynic acid and furosemide. Scand J C/in
Lab Invest 23:317—330 1969
8. LIE M, JOHANNESEN J, Km. F: Glomerulotubular balance and
renal metabolic rate. Am f Physio/ 225:1181—1186, 1973
9. JOHANNESEN J, LIE M, MATHISEN 0, KIIL F: Dopamine-in-
duced dissociation between renal metabolic rate and sodium
reabsorption. Am J Physiol 230:1126—1131, 1976
10. SCHMIDT U, GUDER WG: Sites of enzyme activity along the
nephron. Kidney Int 9:233—242, 1976
II. SKOU JC: Enzymatic basis for active transport of Na and K
across the cell membrane. Physiol Rev 45:596—6 17, 1965
12. GLYNN IM, KARLISH SJD: The sodium pump. Ann Rev Phys-
io137:13—55, 1975
13. JØRGENSEN PL: The function of (Nat K)—ATPase in the
thick ascending limb of Henle's loop, in Renal Metabolism in
Relation to Renal Function, edited by SCHMIDT U, DUBACH
UC, Bern, Verlag Hans Huber, 1976, pp. 190—199
14. MARTINEZ-MALDONADO M, EKNOYAN G, ALLEN JC, SUKI
WN, SCHWARTZ A: Urine dilution and concentration after
digoxin infusion into the renal artery of dogs. Proc Soc Exptl
Biol Med 134:855—860, 1970
IS. SEJERSTED OM, LIE M, KIlL F: Effect of ouabain on metabolic
rate in renal cortex and medulla. Am J Physiol 220:1488—1493,
1971
16. LIE M, SEJERSTED OM, RAEDER M, KIlL F: Comparison of
renal responses to ouabain and ethacrynic acid. Am J Physiol
226:1221—1226, 1974
17. SEJERSTED OM, MATHISEN 0, KIlL F: Oxygen requirement of
renal Na-K-ATPase dependent sodium reabsorption. Am J
Physiol, in press
18. KIlL F: Blood flow and oxygen utilization by the kidney, in
160 Kill
Kidney Hormones, edited by FISHER 3W, London, Academic
Press, 1971, pp. 1—30
19. KIlL F, JOHANNESEN J, AUKLAND K: Metabolic rate in renal
cortex and medulla during mannitol and saline infusion. Am
J Physiol 220:565—570, 1971
20. FISHER AF, WELT LG, HAYSLETT JP: Dissociation of Na-K-
ATPase specific activity and net reabsorption of sodium. Am J
Physiol 228:1745—1749, 1975
21. SEJERSTED OM: Renal Na-K-ATPase activity during saline
infusion in the rabbit. Ada Physiol Scand, in press
22. KIlL F: Na-K-ATPases as regulators of sodium and water
excretion. Scandf C/in Lab Invest 28:375—378, 1971
23. KIlL F: Mechanism of acute changes in sodium excretion after
nephron loss and saline loading, in Proc Fifth In! Congr Neph-
ro/ Mexico 1972, Bascl, Karger, 1974, vol. I, pp. 128—135
24. BURG MB: Tubular chloride transport and the mode of action
of some diuretics. Kidney mt 9:189—197, 1976
25. KATZ Al, EPsTEIN FH: The role of sodium potassium-acti-
vated adenosine triphosphatase in the reabsorption of sodium
by the kidney. J Clin Invest 46:1999—2011, 1967
26. CHARNEY AN, SILVA P, BESARAB A, EPSTEIN FH: Separate
effects of aldosterone, DOCA, and methylprednisolone on
renal Na-K-ATPase. Am J Physiol 227:345—350, 1974
27. JEIRGENSEN PL: Regulation of the (Na* + K)-activated
ATP hydrolyzing enzyme system in rat kidney: I. The effect of
adrenalectomy and the supply of sodium on the enzyme sys-
tem. Biochim Biophys Acta IS 1:212—224, 1963
28. RECToR FC JR: Acidification of the urine, in Handbook of
Physiology, Section 8: Renal Physiology, edited by ORL0FF J,
BERLINER RW, Washington, D.C., American Physiological
Society, 1973, pp. 431—454
29. MALNIC G, MELLO-AIRES M, LACAZ VIERA F: Chloride excre-
tion in nephrons of rat kidney during alterations of acid-base
equilibrium. Am J Physiol 218:20—26, 1970
30. MAREN JH, WILEY CE: Renal activity and pharmacology of
N-acyl and related sulfonamides. J Pharmacol Exp Ther
143:230—242, 1964
31. ROSIN JM, KATZ MA, RECTOR FC JR, SELDIN DW: Aceta-
zolamide in studying sodium reabsorption in diluting segment.
Am J Physiol 219:1731—1745, 1970
32. KUNAU RT JR: The influence of the carbonic anhydrase inhib-
itor benzolamide (CL-ll.366), on the reabsorption of chlo-
ride, sodium and bicarbonate in the proximal tubule of the rat.
J C/in Invest 5 1:294—306, 1972
33. DIRKS JH, CIRKENSA Wi, BERLINER RW: Micropuncture
study of the effect of various diuretics on sodium reabsorption
by the proximal tubules of the dog. J C/in Invest 45:1875—1885,
1966
34. WEINSTEIN SW: Micropuncture studies of the effects of aceta-
zolamide on nephron function in the rat. Am J Physio/
214:222—227, 1966
35. MATHISEN 0, RAEDER M, SEJERSTED OM, KIlL F: Effect of
acetazolamide on glomerulotubular balance and renal metab-
olic rate. Scand J C/in Lab Invest 36:617—625, 1976
36. KIlL F, KJEK5HUS J, LYNING E: Role of autoregulation in
maintaining glomerular filtration rate at large urine flow. Acta
Physio/ Scand 76:24—39, 1969
37. LIE M, JOHANNESEN J, KIIL F: Effect of cyanide on renal
metabolic rate and glomerulotubular balance. Am J Physio/
229:55—59, 1975
38. MALNIC G, STEINMETZ R: Transport processes in urinary acid-
ilIcation. Kidney mt 9:172—188, 1976
39. FRöMTER E, RUMRICH G, ULLRICH KJ: Phenomenologic de-
scription of Na, C1 and HCO3 absorption from proximal
tubules of the rat kidney. Pfluegers Arch 343:189—220, 1973
40. SCHAFER HA, PATLAK CS, ANDREOLI TE: A component of
fluid absorption linked to passive ion flows in the superficial
pars recta. J Gen Physio/ 66:445—471, 1975
41. SCHULTZ SG: Transport across epithelia: some basic prin-
ciples. Kidney In! 9:65—75, 1976
42. CURRAN PF: Na, Cl and water transport by rat ileum in vitro. J
Gen Physiol 43:1137—1 148, 1960
43. MAUDE DL: The role of bicarbonate in proximal tubular so-
dium chloride transport. Kidney In! 5:253—260, 1974
44. SACKIN H, BOULPAEP EL: Models for coupling of salt and
water transport: Proximal tubular reabsorption in neeturus
kidney. J Gen Physiol 66:671—733, 1975
45. DIAMOND JM, BOSSERT WH: Standing-gradient Osmotic flow:
A mechanism for coupling of water and solute transport in
epithelia. J Gen Physio/ 50:2061—2083, 1967
46. WINDLIAGER EE, GIEBISCH G: Proximal sodium and fluid
transport. Kidney Int 9:121—133, 1976
47. Kn. F: Influence of autoregulation on renin release and so-
dium excretion. Kidney In! 8 (suppl. 5): 208—2 18, 1975
48. RAEDER M, OMvIK P JR. KIlL F: Effect of acute hypertension
on the natriuretic response to saline loading. Am J Physio/
226:989—995, 1974
49. JOLIANNESEN J, OMVIK P JR, KIlL F: Hemodynamie mecha-
nisms influencing sodium excretion during angiotensin in-
fusion. Ant J Physio/ 230:1042—1048, 1976
